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(54) Tissue engineering 

(57) The invention relates to a specific process for 
producing tissue in vitro. The present approach to tissue 
engineering allows for an optimal control of the culturing 



process, leading to proliferation or differentiation as de- 
sired, and its conditions. Particularly, the invention facil- 
itates the maintenance of sterile conditions. 
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Description 

[0001] The invention relates to the field of tissue en- 
gineering. More specifically, the invention relates to a 
process forthe in vrtroculturing of cells to produce tissue 
of a predetermined type. 

[0002] Over the past two decades, extensive re- 
search efforts have been committed to the field of tissue 
engineering. Numerous problems in the field of substi- 
tution medicine triggered these efforts. Implants of var- 
ious types, be it bone implants or organ transplants, that 
are used in current medical practice suffer from the great 
disadvantage that they are of materials foreign to the 
receiving patient's body. 

[0003] For instance, hip prosthesis are often manu- 
factured of metals. In order to reduce rejection reactions 
in the patient and to enhance attachment of the patient's 
cells, several complicated precautions are needed. One 
such, widely taken precaution is the provision of a cal- 
cium phosphate coating on the metal implant. Upon 
transplantation of organs obtained from a donor, such 
as kidneys or livers, extreme care must be taken to avoid 
rejection of the transplant due to strong reactions of the 
immune system of the receiving patient. Even though 
donors are found through a very thorough selection 
process, strong immune suppressants are always nec- 
essary. 

[0004] Tissue engineering provides a more elegant 
approach to substitution medicine. Principally, it makes 
use of cells of the patient himself. These cells are taken 
from the patients body in a biopsy, after which they are 
cultured in vitro to produce the tissue that the patient 
requires. For instance, a bone marrow biopsy might be 
taken from a patient in need of a hip prosthesis. The 
bone marrow cells might then be seeded onto a suitable 
scaffold. This is often a three dimensional structure of a 
biocompatible, biodegradable material. After seeding, 
the bone marrow cells are allowed to grow and prolifer- 
ate. Depending on the circumstances, they may also be 
allowed to differentiate to provide ceils of a certain pre- 
determined type. Once the objective tissue has devel- 
oped to a sufficient extent, the prosthesis may be im- 
planted. The scaffold provides much of the coherency 
and mechanical strength of the prosthesis in the first 
stages after implantation. Eventually, the scaffold may 
degrade in vivo and be replaced by new bone tissue. As 
this approach involves the use of autologous cells only, 
problems due to immune responses are avoided entire- 
ly- 

[0005] When producing medical implants by way of 
tissue engineering, it is of great importance to maintain 
sterile conditions. It will not need an elaborated discus- 
sion to illustrate the disadvantages and the dangers of 
microbial infections of the in vitro produced autologous 
tissue before implantation. Complete avoidance of mi- 
crobial infections is, however, difficult to attain. 
[0006] Possibly partly due to the fact that the field of 
tissue engineering is still relatively young, no practical 



solution to this problem has yet been proposed in the art. 
[0007] The present invention seeks to provide a prac- 
tical and feasible approach to tissue engineering which 
obviates at least partially most, if not all, of the problems 

5 of maintaining sterile conditions throughout the tissue 
engineering process. The objective approach should 
furthermore enable a suitable upscaling of the process 
to allow for an efficient and economical scheme for car- 
rying out the production of several tissue samples, op- 

10 tionally of different types, for different patients in a par- 
allel manner. 

[0008] In accordance with the invention, there is pro- 
vided a process for in vitro producing tissue, wherein 
cells are cultured in a vessel provided with an inlet and 
'5 an outlet for culture medium, which vessel is perfused 
with culture medium. 

[0009] A process according to the invention provides 
many convenient ways of manipulating the tissue pro- 
duction without affecting the sterile conditions within the 

20 vessel. In the context of the invention, when something 
is kept under 'sterile conditions' is intended to indicate 
that it is substantially prevented from exposure to micro- 
organisms, such as viruses, bacteria and fungi. Further- 
more, it has been found that the dynamic conditions that 

25 arise from the perfusion of the culture medium lead to a 
more homogeneous distribution and growth of the cells 
over the scaffold. 

[0010] Moreover, the perfusion of the culture medium 
results in optimal culturing conditions in the vessel. In 

30 addition, the invention allows for the possibility of ob- 
taining large cell amounts in a small volume with a large 
surface. Further, the addition of certain additives to the 
culture medium can be manipulated quickly and effi- 
ciently, because of the continuous medium flow around 

35 the cells. Moreover, many of the relevant parameters of 
the tissue engineering process, such as pH, oxygen lev- 
el, the growth of the cells and the like, can be monitored 
in an optimal manner. The vessel that is used for the 
culturing can advantageously be used as a transport 

40 container, enabling transport of the engineered product 
substantially without affecting sterility. 
[0011] For culturing of patient derived cells on scaf- 
folds, the use of separate small bioreactors is preferred. 
It is further preferred that for each patient a separate 

45 bioreactor is used. In this way it is possible to avoid cross 
contamination between patients. It is also possible that 
more than one scaffold, intended for the same patient, 
are present in one bioreactor. Instead of culturing cells 
on separate scaffolds, culturing on a large bulk of scaf- 

50 fold at the same time means a reduction of the amount 
of procedures one needs to perform per patient. It is also 
advantageous that culturing for different patients may 
be performed under substantially the same conditions 
to allow a standardized process regarding quality. In a 

55 bioreactor, various crucial cell culture parameters can 
be registered, monitored and controlled. Adjustment of 
these parameters allows for creating a perfect cell 
growth environment. 
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[0012] It is preferred to use a bioreactor that can be 
closed easily before transportation to the hospital and 
is configured to hold a large bulk of cell culture scaffold, 
on which cells can easily be cultured. In this way the 
bioreactor does not have to be opened before transpor- 
tation. Also, the sample does not have to be put into 
another tube, thus preventing the product from getting 
infected. Therefore, a bioreactor of which, all tubes can 
be cut off easily without causing leakage of medium is 
preferred. 

[0013] The tissue that is produced according to the 
invention may in principle be of any type. Preferably, the 
tissue will be human and may be one of bone, cartilage, 
tendon, ligament, muscle, skin, gland or organ tissue. 
Generally, the cells that are cultured to produce the ob- 
jective tissue will have been obtained from a biopsy from 
a patient for which the tissue is intended. These cells 
may be of any type that is capable of proliferating and 
differentiating to produce the objective tissue. Typical 
examples of cell types that may be employed include 
fibroblasts, chondrocytes, keratin ocytes, muscle cells 
(myocytes), satellite cells, (bone) manow cells, mesen- 
chymal stem cells, mesenchymal stem cells, melano- 
cytes, mesothelial cells, bone forming cells, hepato- 
cytes, intestinal cells, kidney cells, fat tissue forming 
cells, hair follicle forming cells, blood vessel cells, nerve 
cells, and Schwann cells. 

[001 4] The cells may be brought in the vessel directly 
after taking the biopsy. Alternatively, the cells may be 
cultured on normal tissue culture plastic prior to intro- 
duction into the vessel, in order to obtain a sufficient 
amount of cells. 

[0015] Preferably, they are seeded onto a scaffold 
that is already present in the vessel. The scaffold may 
be of metallic, ceramic or polymeric material, or of a 
combination of two or more of said materials. For in- 
stance, a polymeric scaffold provided with a ceramic 
coating may be utilized. Preferably, the scaffold is of bi- 
odegradable and biocompatible material. In the context 
of the present application, the term biocompatible is in- 
tended to refer to materials which may be incorporated 
into a human or animal body substantially without unac- 
ceptable responses of the human or animal. The term 
biodegradable refers to materials which, after a certain 
period of time, are broken down in a biological environ- 
ment. In certain preferred embodiments, the rate of 
breakdown is chosen similar or close to the rate at which 
the body generates autogenous tissue to replace the im- 
plant of which the biodegradable material is manufac- 
tured. 

[0016] The scaffold preferably provides the desired 
shape of a medical implant. For skin tissue it may for 
example have the form of a sheet. For other applica- 
tions, its structure will be more complicated and three 
dimensional. Furthermore, the scaffold may, depending 
on the objective tissue and the conditions under which 
the tissue is produced, be porous, dense, fibrous or a 
combination thereof. 



[0017] In order to culture the cells and to convert them 
into the desired tissue, use is made of a culture medium. 
It is an important aspect of the invention that the culture 
medium is refreshed constantly during the culturing 

5 process. Accordingly, its composition may be adjusted 
to the transitory phases of the tissue producing process. 
Preferably, the culture medium is oxygenated prior to 
entry of the vessel to allow for optimum conditions for 
the culturing process. 

w [0018] The composition of the culture medium will be 
chosen dependent on the nature of the cells that are be- 
ing cultured, the nature of the objective tissue and the 
transitory phase of the tissue producing process. The 
choice for the exact composition can be optimized by 

'5 the skilled person, based on his general knowledge of 
tissue engineering technology. Examples of suitable 
culture media, which may be used as such or adjusted 
to the circumstances, are Dulbecco's Modified Eagle 
Medium (DMEM), alpha Minimal Essential Medium (a- 

20 MEM), HAM-F12 (originally developed by Ham forCHO 
cells), McCoy's medium (formulated by McCoy in 1959) 
and RPMI (developed by Moore et al. at the Roswell 
Park Emorial Institute). 

[0019] As said before, the culture medium is re- 
25 freshed constantly during the culturing process. The 
rate (flow) of the perfusion can conveniently be adapted 
to the other parameters of the process by the skilled per- 
son, based on his normal knowledge of the art. The cul- 
ture medium that has left the vessel may either be ad- 
30 justed in composition and be reused, or it may be dis- 
carded, necessitating the constant availability of fresh 
culture medium. 

[0020] The present process will now be further illus- 
trate with reference to the attached Figure 1 . It will be 
35 clear that the invention is not restricted to the choices 
depicted in said figure, but that many variations and al- 
terations are possible without leaving the scope of the 
invention. 

[0021] The system shown in Figure 1 consists basi- 
40 cally of one or several cell adherent material containing 
tubes linked by a peristaltic pump (3) to a culture medi- 
um-containing vessel (1 ), preferably provided with a stir- 
rer (2). The medium is pushed through the tubes and 
can in this way provide for a suitable cell growth envi- 
es ronment. 

[0022] Adherent cells are first cultured on a scaffold 
to proliferate the cells to a certain required amount of 
cells. For cell culture expansion a large surface area in 
a small volume is important. This first stage is preferably 

50 carried out in a first stage cell culture cartridge (4). 
[0023] In sequential cartridges the proliferation will 
take place (5) and subsequently in a last cartridge (6) 
tissue engineering of a scaffold will be done, it is how- 
ever also possible to combine proliferation and tissue 

55 engineering in one cartridge. Optionally, the culture ex- 
pansion phase can be performed in normal tissue cul- 
ture flasks, e.g. in case no suitable scaffold might be 
available for a specific cell type. 
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[0024] The cartridges are preferably linked by silicone 
tubing, which can be closed by a valve (11), to ensure 
a closed sterile system. 

[0025] After first stage proliferation in a relative small 
cartridge (4) the cells are at one point (determination 
maybe by measuring 0 2 uptake) trypsinized and 
pumped into a larger cartridge (5), were the cells can 
again be proliferated in a larger volume. 
[0026] The pH of the medium can be detected by pH 
sensors (10), which can also be monitored and regulat- 
ed by addition of C0 2 by automated gas valves (8). In 
order to ensure the maintaining of sterile conditions, the 
gases are preferably introduced into the vessel (1) via 
a sterile gas filter inlet (9). 

[0027] Cell growth can be followed based on the OUR 
(Oxygen Uptake Rate), which can be calculated from 
the control output of a DO-controller (Dissolved Oxy- 
gen). The oxygen concentration is preferably kept at a 
constant level with the gasses (8) controlled by the con- 
trolling unit (7). This is important when cells start to pro- 
liferate and the cell density is increasing. 
[0028] After proliferation the cells can again be 
trypsinized in the cartridge and then be pumped into the 
last cartridge, in which a material is placed which, to- 
gether with the cells, will eventually produce the end 
product. 

[0029] Several important cell-culture parameters like 
oxygen uptake, pH, temperature, etc., can be monitored 
and regulated by a series of sensors (10) and a biocon- 
troller unit (7) during the culture period. 
[0030] A closed cell culture system can provide for a 
solution regarding sterility, easy handling and standard- 
ized cell culture. The aim is to culture cells on a scaffold 
placed in a tube, through which cell culture medium is 
circulating. The device shown in Figure 1 provides for 
the possibility to culture a large amount of cells on a ma- 
terial, with a high surface area, in a relatively small vol- 
ume. The idea is to culture cells on increasing surfaces 
in small volumes in sequence; in order to culture expand 
cells. Afterculture expansion the cells can easily be har- 
vested from the tubes to be brought into a tube contain- 
ing a scaffold for tissue engineering. 
[0031 ] The invention will now be further elucidated by 
the following, non- restrictive example. 

EXAMPLE: Culturing Human Bone Marrow Cells on 
hydroxyapatite in a closed circulation system. 

[0032] Porous CaP or hydroxyapatite particles of size 
2 by 3.5 mm are used as a bone filler for culturing the 
released HBMC's on. In short harvested HBMC's are 
seeded in a density of 100.000-200.000 ceils/particle in- 
to the particles-containing cartridge and are let to attach. 
Approximately 25-50 E 6 cells are needed to seed an 
amount of 10 cc of porous particles (40 cc corresponds 
to about 1600 particles having a diameter of 3.35 mm), 
indicating the difficulty of culturing cells on large 
amounts (40 cc) of porous particles. The cartridge is 



then again aseptically linked to a medium stock vessel 
and a peristaltic pump. The cells are cultured during one 
week using ct-MEM containing 10%FBS, 0.2mM AsAP, 
10 nM Dexamethason (Dex) and 10mM beta glycero- 
5 phosphate (f*GP) before implantation to ensure extra- 
cellular matrix formation. The cartridge ensures sterile 
transportation to the clinic and facilitates easy handling 
of a large amount of tissue engineered bone filler. 

*o Material and methods 

[0033] Human Bone Marrow Cells obtained from a bi- 
opsy of a iliac crest of a 1 7-year-old female patient were 
seeded into tissue culture flasks at a density of 5E5 

is cells/cm 2 in a-MEM containing 1 0% FBS, 0.2 mM ASAP 
and 100U/ml penicillin and 100 jig/ml streptomycin 
(pen/strep) and 1% (50U/ml) heparin (added in primary 
cultures only). Before seeding the cells on hydroxyapa- 
tite they were cultured on normal tissue culture plastic 

20 in culture medium consisting of a-MEM containing 15% 
FBS, 0.2 mM ASAP and pen/strep, until 80% confluen- 
ce The cells were detached by washing the cells with 
warm PBS (± 37°C) and incubation for 15 min. with 
0.25% Trypsin-EDTA The cells were then thoroughly re- 

25 suspended and counted and reseeded in tissue culture 
flasks at a density of 5000 cells/cm 2 . In this way, cells 
were cultured until an amount of 1 00 E 6 cells of the third 
passage was obtained to seed on 20 cc of porous hy- 
droxyapatite. After trypsinisation, before seeding, the 

30 cells were centrifuged at 300 g for 10 min at 4°C. Sub- 
sequently the supernatant was discarded and the cells 
were resuspended in 5 ml of culture medium. The cell 
suspension was then seeded into the cartridge contain- 
ing 20 cc of porous hydroxyapatite and then totally filled 

35 with culture medium. After 4-6 hours of cell attachment 
the cartridge is connected to a stock vessel containing 
300 ml of a-MEM containing 10% FBS, 0.2 mM ASAP, 
10 nM Dexamethason (Dex) and 10mM beta glycero- 
phosphate (PGP) and pen/strep by silicone tubing. The 

^0 medium is then recycled through the cartridge by a per- 
istaltic tubing pump at low flow rate. The cells are then 
cultured in this system for 7 days, while continuously 
pumping. After 7 days the tissue-engineered hydroxya- 
patite is fixated in 0.14 M cacodylate buffer/3.5% glutar- 

45 aldehyde for at least 15 min., subsequently the samples 
were stained by methylene blue staining to check mor- 
phology. A few samples were also fixated in para for- 
maldehyde for standard immunological staining. Control 
samples were cultured statically in a bacteriological 

so graded plate, by placing a droplet of cell suspension 
containing 2E5 cells directly on a hydroxyapatite sam- 
ple. After incubation for four hours 2 ml of culture medi- 
um was supplied to the particles, which was refreshed 
3 times during 7 days of culturing. 

55 

Results 

[0034] Human bone marrow cells of the third passage 
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cultured for 7 days in a perfusion system (pictures taken 
by stereomicroscopy). The pictures are shown in Fig- 
ures 2A, 2B and 2C. 

[0035] Observation by stereomicroscopy revealed a 
uniform cell layer (dark blue coloration) around the po- s 
rous hydroxyapatite (white coloration), which could be 
observed throughout the scaffold-containing cartridge. 
A more detailed close up of the porous samples re- 
vealed that cells also grow into the pores of the scaffold 
material. Single control samples (particles) seeded stat- 10 
ically with 2E5 cells and cultured individually in a bacte- 
riological graded plate showed a less homogeneous ap- 
pearance, indicating that there was a difference regard- 
ing tissue engineering observed after 7 days. 
[0036] Human bone marrow cells of the third passage 15 
cultured for 7 days, in a perfusion system were also 
stained by a collagen type I immunological staining with 
peroxidase are shown in Figure 3. Positive staining in- 
dicating the presence of collagen type I rs x revealed by 
a red-brown coloration due to peroxidase activity. The 20 
distribution of collagen type I positive cells and struc- 
tures showed that a considerable amount of collagen 
was formed after 7 days of tissue-engineering, indicat- 
ing extracellular matrix formation. 

[0037] The above results indicate that culturing cells 25 
on large amounts of bone filler particles according to the 
method described above is feasible in this manner. 



8. A process according to any of the preceding claims, 
wherein the cells are cultured on a scaffold. 

9. A process according to claim 8, wherein the scaffold 
is of metallic, ceramic or polymeric material, or of a 
combination of two or more of said materials. 

1 0. A process according to any of the preceding claims, 
wherein the tissue is transported to a site of surgery 
in said vessel. 

1 1 . A process according to any of the preceding claims, 
wherein the cells and the tissue are kept under ster- 
ile conditions. 



Claims 30 

1 . A process for in vitro producing tissue, wherein cells 
are cultured in a vessel provided with an inlet and 
an outlet for culture medium, which vessel is per- 
fused with culture medium. 35 

2. A process according to claim 1 , wherein the culture 
medium is oxygenated prior to entering the vessel. 

3. A process according to claim 1 or 2, wherein the *o 
culture medium is varied in composition to induce 
proliferation or differentiation of the cells. 

4. A process according to any of the preceding claims, 
wherein the vessel is provided with control means 45 
for controlling the flow and composition of the cul- 
ture medium and the conditions in the vessel. 

5. A process according to any of the preceding claims, 
wherein the culture medium is recycled. 50 

6. A process according to any of the preceding claims, 
wherein the tissue is human tissue. 

7. A process according to claim 6, wherein the tissue 55 
is bone, cartilage, tendon, ligament, muscle, skin, 
gland or organ tissue. 
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Figure 1 
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Figure 2A 




Figure 2B 
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